Abstract: Two novel poly (aryl ether ketone)s with anthracene moieties in the backbone were synthesized through the conventional nucleophilic aromatic substitution polycondensation for the first time, by using a new bisfluoro monomer, 9,10-bis(4-fluorobenzoyl) anthracene (AnBF). The structures of obtained polymers were confirmed by NMR, IR and UV characterizations. The polymers have high molecular weight and show good solubility in common organic solvents. Differential Scanning Calorimetry (DSC) indicates that they are vitrified polymers with high glass transition temperatures above 188 o C. Thermogravimetric analysis (TGA) shows that these polymers have good thermal stability in nitrogen atmosphere with a 5% weight loss (TGA-5%) above 465 o C.
Introduction
Poly(aryl ether ketone)s (PAEKs) are a class of high performance engineering thermoplastics known for their excellent combination of chemical, physical and mechanical properties. These advanced materials have been receiving considerable attention for past decades due to their successful applications in aerospace, automobile, electronics and other high technology fields [1] [2] [3] . However, it is difficult for conventional PAEKs (such as PEEK) to be used as thin film and coating materials because they have poor solubility in most solvents except for concentrated sulfuric acid. Therefore, considerable research has been focused on the preparation of novel soluble aromatic PAEKs [4, 5] . In order to improve the solubility and retain their high thermal stabilities simultaneously, some aromatic bulky side groups and aromatic condensed ring moieties were introduced into polymers. And thus some PAEKs with phenyl side groups, phenolphthalein, phthalazine and naphthalene moieties were successfully prepared [6] [7] [8] . The PAEKs containing naphthalene moieties in the main chain were reported to possess higher T g values, excellent thermal stability and good mechanical properties based on their condensed poly-nuclear aromatic structure [9] [10] [11] [12] [13] [14] .
As another important aromatic condensed ring, anthracene ring was introduced into some polymers to enhance the polymer rigidity and to bring some interesting properties [15] [16] [17] [18] [19] [20] . Amitava et.al. also synthesized anthracene-based copolysulfones via electrophilic substitution route [21] . The obtained polymers exhibited excellent thermal properties, but their poor solubility in most solvents limited further investigation.
In this article, we present the first approach to synthesize poly(aryl ether ketone)s containing anthracene moiety in the backbone through nucleophilic aromatic substitution polycondensation method from a new bisfluoro monomer, 9,10-bis(4-fluorobenzoyl) anthracene (AnBF), which can be easily prepared by Friedl-Crafts acylation reaction. The preparation and some properties of these polymers are described and discussed.
Results and discussion

Synthesis of the monomer ANBF
As shown in Scheme 1, the new bisfluoro monomer 9,10-bis (4-fluorobenzoyl) anthracene (AnBF) was prepared by an aluminum chloride anhydrous catalyzed Friedel-Crafts acylation of anthracene with 4-Fluoro-benzoyl chloride. Under this condition, the Friedel-Crafts acylation mainly occurred at the 9-and 10-position of anthracene.
Scheme 1. Synthesis of monomer AnBF
The reaction was confirmed by its fully assigned NMR spectra (Figure 1 ), because electronic effect made them more reactive than other positions. In 1 H NMR spectrum ( Figure 1A ), four groups of proton peaks with equal integral area were observed and assigned by their chemical shift and 2D 1 H-1 H COSY spectrum. In the 1 H NMR spectrum of monomer AnBF, all signals corresponding to the proposed structure were observed in CDCl 3 . The peak at 7.89 and 7.12 ppm in 1 H NMR spectra of AnBF is assigned to the two aromatic protons. Furthermore, two doublet-doublet peaks corresponding to the anthracene protons were observed at 7.76 and 7.42ppm. The cross peaks in the COSY spectrum along both the sides of the diagonal identify two groups of correlated protons. One group is between the protons at δ7.89 ppm and δ7.12 ppm, corresponding to the protons ortho to fluorine and carbonyl, respectively.
The other is between δ7.76 ppm and δ7.41 ppm, corresponding to the anthracene protons. These results indicated that the substitution reaction proceeded at 9-and 10-position on the anthracene ring. Three quartet peaks at 165-168, 132-133, and 116-117 ppm in 13 C NMR spectra of monomer AnBF are attributed to the J C-F coupling of the carbons with fluorine atom at the para position of the phenyl group.
The structure of this monomer was further confirmed by MALDI-TOF mass spectrometry, IR and elemental analysis. The IR spectra showed a characteristic absorption at 700 cm -1 . This can be assigned to the typical C-H out-of-plane bending mode of the four adjacent hydrogen on the anthracene units [22] , also indicating that the substitution reaction proceeded at 9-and 10-position on the anthracene ring. The absorption bands at 1149 cm -1 and 1660 cm -1 corresponding to stretching vibrations of C-F bond and C=O bond respectively, were observed in IR spectrum. The experiment results of mass spectrometry and elemental analysis were in good agreement with the calculated values from the expected monomer structure. 
Synthesis of the polymers containing anthracene moiety
Polymers containing anthracene moiety in the backbone were obtained by conventional aromatic nucleophilic polycondensation. As shown in Scheme 2, two polymers with different bisphenol structures were prepared from AnBF monomer with BPA and BPS respectively.
Scheme 2.
Synthesis of poly (aryl ether ketone) polymers containing 9,10-anthracene moiety.
The polymerizations were carried out in DMAc at a solid content of about 20% and toluene was used for the azeotropic removal of water. The reaction temperature for bisphenolate formation was governed by the amount of toluene under reflux firstly. The water generated from deprotonation of the bisphenols was removed through the Dean-Stark trap. After the completion of bisphenolate formation in about 2 h, the reaction temperature was increased to 160 o C. The polymers were readily obtained in 4-6 h. However, when reaction temperature increased above 180 o C, the reaction mixture grew gelatinous and the expected polymer could not be obtained. We attributed this phenomenon to the anthracene ring, which could result in some branching or crosslinking side reactions during polymerization at high temperature [23] . Therefore, the temperature of polymerization should be controlled below 180 o C. The polymerization results are summarized in Table 1 .
Tab. 1. Inherent viscosity (η iv
and thermal properties of polymers. Gel permeation chromatography characterization showed M n values of the two polymers are 35000 and 30000, which indicates that high molecular weight polymers are obtained in spite of the steric hindrance of large aromatic anthracene and relative low polymerization temperature. The polymer structures were confirmed by IR and NMR spectra. As shown in Figure 2 ., the IR spectra of the polymers showed the characteristic absorption bands of aryl ether linkages (1233 cm -1 ), aryl carbonyl groups (1661 cm -1 ) and anthracene moieties around 760 cm -1 , which indicated the anthracene moiety was successfully introduced into the polymer backbone through 9-and 10-position. In addition, polymer 1 had a characteristic absorption band at 2958 cm -1 due to the C-H stretching vibration of methyl, while polymer 2 had a characteristic absorption band at 1337 cm -1 corresponding to the sulfone groups. Figure 3 (A) and (B) showed the 1 H NMR spectra of the two polymers. The chemical shifts and assignments of the peaks were well consistent with the proposed structures. The signal at 1.66 ppm in the 1 H NMR spectrum of polymer 1 is attributed to the methyl protons, while in polymer 2, the doublet peaks at 7.92 ppm is corresponding to the aromatic proton ortho to sulfone groups. Two groups of multiple peaks between 7.78 and 7.38 ppm in Figure 3 (A) and (B) is assigned to the anthracene protons. These results indicated that anthracene ring was introduced into the polymer backbone as anticipated structure.
Furthermore, the UV-vis absorption spectrum of monomer AnBF and the polymers are shown in Figure 4 , along with that of anthracene. AnBF and the polymers exhibit characteristic anthracene-like absorption bands between 300 and 420 nm. Because the introduction of carbonyl groups into the anthracene ring decreased the HOMO-LUMO band gap, the absorption maxima of AnBF and the polymers are red shifted by approximately 14nm compared to those of anthracene. The polymers showed similar absorption maxima with AnBF, indicating the polymerization had little influence on the electronic environment of the anthracene ring. The small difference of 1nm between their absorption maxima is likely to reflect the shielding effect of the polymer coils on the local environment of the anthracene. 
Thermal properties of polymers
The thermal properties of the polymers were evaluated by DSC and TGA. In the DSC curves as shown in Figure 5 , no melting endoderms were observed for both polymers, indicating their amorphous nature. Other details of DSC measurements are listed in Table 1 . [24, 25] .
Furthermore, the T g values of the polymers containing anthracene moiety in the backbone are higher than those of the corresponding poly (aryl ether ketone)s containing phenyl and naphthalene moieties (T g =166 o C and 185 o C) reported by Hergenrother et al and us [26, 13] . Generally, the introduction of rigid segments into polymer could restrain the internal rotation of polymer chains and induce an increased T g value. Thus, for the obtained polymers, the introduction of bulky and rigid anthracene moiety into PAEK backbone hindered the movement of polymer chains and led to the high T g Values. Compared to polymer 1, polymer 2 showed a higher T g due to the more rigid sulfone groups introduced in it. Thermal stabilities of the obtained polymers were investigated by TGA analysis at a heating rate of 10 o C under nitrogen atmosphere as shown in Figure 5 . Polymer 1 and 2 both showed the temperature at a 5% weight loss (TGA-5%) above 450 o C, indicating their excellent thermal stabilities. Compared to polymer 2, polymer 1 showed a lower (TGA-5%) due to the lower thermal stability of the isopropyl groups.
Solubility of the polymers
The polymers could easily be dissolved in polar solvents such as DMF, DMAc and NMP at room temperature as well as in the less polar solvents, such as chloroform and tetrahydrofuran (THF). The high soluble behaviour can be ascribed to the reduction in both polymer chain packing and regularity owing to the presence of anthracene.
Conclusions
Two novel poly (aryl ether ketone)s with anthracene moiety in the backbone were synthesized by using a new bisfluoro monomer, 9,10-bis(4-fluorobenzoyl) anthracene (AnBF), and two bisphenols, through the conventional nucleophilic aromatic substitution polycondensation. The resulting polymers were amorphous and exhibited high glass transition temperatures and excellent thermal stability. UV-vis and IR spectrum results exhibited the characteristic absorption of anthracene, which indicated anthracene has been incorporated into the polymers successfully.
Experimental part
Materials
Anthracene was purchased from Alfa Aesar Co. and used as received. 4,4'-Isopropylidenediphenol (BPA) and bis(4-hydroxyphenyl) sulfone (BPS) were obtained from Aldrich and used without further purification. Anhydrous powdered aluminium chloride and anhydrous potassium carbonate were purchased from Beijing Chemicals. Potassium carbonate was dried at 120 o C for 24 h before use. Other chemical reagents and organic solvents were purchased from Beijing Chemical Reagent and were purified by conventional methods.
Monomer Synthesis
Synthesis of (9,10-bis (4-fluorobenzoyl) 
anthracene) (AnBF)
Into a 1000 mL three-necked flask equipped with a mechanical stirrer, a dropping funnel and a condenser were placed anthracene (17.8 g 0.1 mol), anhydrous powered aluminium chloride (0.15 mol) and ethylene chloride (400 mL). 4-Fluorobenzoyl chloride (18 mL) was added drop wise into the stirred mixture at room temperature over a period of 1 h. After this addition, the reaction system was allowed to reflux for 4 h. The hot mixture was cooled to room temperature and then cold 2N-hydrochloric acid (500 mL) was added. The mixture was kept stirring until a clear separation of the organic and water layers was obtained. The organic phase was washed with 10% NaOH (1×100 mL) and H 2 O (4×100 mL) separately and dried with anhydrous MgSO 4 . After evaporating the solvent in vacuum, the residual was recrystallized in n-butanol and 29. 5 
Polymer Synthesis
Aromatic poly(aryl ether ketone)s (polymer 1 and 2) containing 9,10-anthracene moiety were prepared by the polycondensation of a bisphenol with monomer AnBF in the presence of potassium carbonate in N, N-dimethylacetamide (DMAc) at 160 o C as depicted in Scheme 2. A typical polymerization was carried out as follows: monomer AnBF (4.22 g, 10 mmol), bisphenol (10 mmol), anhydrous K 2 CO 3 (3.04 g, 22 mmol), 25 mL of DMAc, and 20 mL of toluene were placed in a 100 mL threenecked flask equipped with a mechanical stirrer, a nitrogen inlet, a Dean-Stark trap, and a condenser. The mixture was heated to 140 o C with stirring under nitrogen atmosphere for 2 h to remove water by azeotropic distillation with toluene and then the toluene was removed. The reaction mixture was heated to 160 o C and kept for 6 h. The viscous solution obtained was then poured into water. The flexible threadlike polymer was pulverized into a powder by using a blender. After washing separately with hot water and methanol several times, the polymer powders were dried under vacuum at 80 o C for 24 h. Pure polymer was thus obtained with high yield (>90%). 
Measurements
Inherent viscosity measurements were carried out with an Ostwald viscometer in a DMAc solution of polymers at 25 o C. The molecular weights were measured using a Waters 410 gel permeation chromatograph (GPC) with THF as the mobile phase. IR spectra (KBr) were measured using a Nicolet Impact 410 Fourier transform infrared spectrometer. NMR spectra were recorded using a Bruker 510MHz NMR spectrometer with tetramethylsilane as the reference. UV-vis spectra were measured using a UV 2501-PC spectrophotometer in CHCl 3 solution in a quartz cell. Differential scanning calorimetry (DSC) measurements were performed on a METTLER TOLEDO DSC 821e instrument at a heating rate of 20 o C/min under nitrogen. The glass transition temperature (T g ) was taken from the DSC curve as the centre of the step transition in the second heating step. Thermogravimetric analysis (TGA) was performed using a PERKIN ELMER TGA-7 instrument at a heating rate of 10 o C/min in nitrogen.
